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There is a growing interest in agriculture productions combining safety and quality attributes with clear re-
gional identity. In the last few years several methods have been employed for food authentication and trace-
ability. In this study we tested geochemical data for elemental concentrations of Mn, Cu, Zn, Rb, Sr and Cd and
strontium isotope ratio in combination with biological data of 11 secondary metabolites and DNA as markers
for the authentication of the origin of early potatoes at small geographical scale levels in Italy. DNA ﬁnger-
prints through 12 SSR (simple sequence repeat) primer pairs allowed cultivar identiﬁcation, conﬁrming
the discrimination power of molecular markers. Element concentrations, strontium isotope ratio and second-
ary metabolite data, through multivariate statistics (partial least squares discriminant analysis, PLS-DA),
made it possible to clearly assign all the potato samples to the respective administrative regions of cultiva-
tion. The validation of the models was successful. It included external prediction tests on 20% of the data ran-
domly selected from each administrative province and a study on the robustness of these multivariate data
treatments to uncertainties on measurement results.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Consumers in the European Union need guarantees on the geo-
graphical origin of food products, which they take as a pledge for safe-
ty and quality (regulations EEC 2081/92 and EC 1898/06). According
to regulation EC 178/2002, “‘traceability’ means the ability to trace
and follow a food, feed, food-producing animal or substance intended
to be, or expected to be incorporated into a food or feed, through all
stages of production, processing and distribution”. Finding the appro-
priate tools to authenticate the origin of food products and establish
their ‘traceability’ may be challenging.
Different combinations of chemical and/or genetic markers have
been tested for the identiﬁcation of crop varieties, animal species or
genetically modiﬁed organism (GMO) products, for the establishment
of frauds or counterfeiting, and for the determination of animal pater-
nity (Kelly et al., 2005; Peres et al., 2007; Zhang et al., 2011). For in-
stance, the combination of C, N, O, S and Sr isotopic signatures,
alone or with element concentrations, was successful in the authenti-
cation of origin of wheat at a large geographical scale level (Europe),
encompassing an extensive range of geographical and environmental
characteristics (Goitom Asfaha et al., 2011). Similarly, DNA
(deoxyribonucleic acid) analysis was employed in studies on the
traceability and authenticity of different types of plant, including to-
mato (Caramante et al., 2010) and wheat (Pasqualone et al., 2010).
An alternative approachmay be the analysis of themetabolite proﬁle
whose synthesis is controlled by speciﬁc genes. In grape, for in-
stance, Rocha et al. (2007) detected the monoterpenoid proﬁle and
proposed it as an efﬁcient tool to trace the genetic footprint and po-
tentially the varietal origin of wines.
Among horticultural crops cultivated in Italy, the potato ranks sec-
ond in terms of economic importance, with about 2 million tons,
obtained over an area of 90,000 ha. Under favorable climatic condi-
tions potatoes can be grown in a cycle that is much earlier than the
typical spring–summer one. In Italy this type of productionmainly oc-
curs in the southern regions of Apulia, Sicily and Campania, where tu-
bers are planted starting from late November and are harvested from
the end of March. Early potatoes are mainly exported, with a value
of more than 50 million euros per year. They are considered typical
regional products with speciﬁc quality attributes, such as low dry
matter content and high reducing sugar content. They also possess
historical and culinary characteristics that have induced the Italian
Ministry of Agriculture to include them in the list of “traditional
food products”, and fund the TIPIPAPA project (“tipicizzazione e
caratterizzazione di varietà precoci di patata con l'impiego di tecniche
molecolari e spettroscopiche”) to support ﬁght against fraud on early
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potatoes from the south of Italy. The main objective of this project
was the identiﬁcation of suitable markers of the geographical origin
and genetic identity of potatoes. In the project, all production sites
considered were less than 10 km distance from the sea and distribut-
ed over a rather small size area (about 58,600 km2), and under rela-
tively similar average meteorological conditions. If differences in
climate characteristics are too small to allow the discrimination be-
tween production sites, variety discrimination may be rather difﬁcult.
As was shown recently (Zampella et al., 2011), geopedological factors
governing the bioavailability of elements in soils and multivariate
interactions between soil markers in plants offer a very good alterna-
tive. The strontium (Sr) isotopic signature and selected elemental
concentrations ([Mn], [Cu], [Zn], [Rb], [Sr] and [Cd]) in early potatoes
were successfully combined for authentication of the origin of the
early potatoes studied. The prediction abilities for potatoes grown in
soils developed from alluvial sediments and volcanic substrates were
excellent. Potatoes grown in soils covering carbonate rocks could be
grouped together but, in this case, more discriminative parameters are
required to allow the differentiation between sites.
In the current paper, these geochemical data for trace elements
and n(87Sr)/n(86Sr) were re-examined, in combination with results
from biological markers (secondary metabolites and DNA), to identify
further ways of authenticating the origin of vegetables at such a small
geographical scale level.
2. Materials and methods
2.1. Description of the sampling areas
Potato tubers were collected on May 2009 from varieties (Spunta,
Elvira, Sieglinde, Arinda, and Agria) grown off-season in typical pota-
to producing areas of three administrative regions of southern Italy
(Apulia, Sicily and Campania). Various sampling sites for each variety
were selected in each region for a total of 12 sites. The sampling sites
are all coastal sites (distance from the Mediterranean Sea less than
10 km) and, according to the geographical coordinates recorded by
GPS (global positioning system), distributed within a range of 4°34′
latitude N and 3°46′ longitude E (Table 1). Details of the climatic, geo-
logical and soil characteristics of the sampling sites are reported else-
where (Zampella et al., 2011). The weather conditions of all sampling
sites during the potato growth season (01/01/09–15/06/09) are typi-
cal of a Mediterranean climate, and not very much differentiated,
with average daily temperatures of 13–14 °C (11 °C only in Lecce)
and total precipitations ranging between 262 mm (Foggia) and
781 mm (Messina). The main geological substrates underlying soils are
alluvial sediments (Foggia andMessina), vulcanites (Naples and Catania)
and carbonate rocks (all the others). Soils, according to requirements for
potato cultivation, have loose, well drained, loam textures and low
organic matter contents. In most cases pH is neutral–subalkaline, with
the exception of NA-Afragola, LE-Alliste-Cisternella, ME-Monteforte S.
Giorgio and CT-Acireale-Riposto where it is acid. Nitrogen content is
very low in soils from FG-Manfredonia, due to the sandy texture. Ex-
changeable K, considered readily available for plant growth, is particularly
high in Campania soils according to their K-rich volcanic parent material.
All soils developed on volcanic substrates are enriched in amorphous Fe
oxides, while high amounts of Fe in crystalline oxides occur in soils
from Apulia and Sicily formed from calcareous rocks.
2.2. Potato sampling strategy
In each selected site, a sampling strategy with 3 replications was
adopted. Potato tubers were harvested at physiological maturity
from ﬁve plants for each replicate. About 30 tubers (3 samplings of
10 tubers each) of homogeneous size were collected from each local-
ity. Already commercialized potatoes originating from the same ﬁelds
in FG-Manfredonia and LE-Alliste-Cisternella were integrated into the
study. Part of the tubers were stored at 5 °C for multi-element and
Sr-isotope ratio analyses, the other part was washed with ultra-pure
water without peeling and lyophilized for DNA and secondary metab-
olite studies. For lyophilization, each tuber was cut in eight identical
longitudinal slices discarding the pieces from the top, immediately
frozen in liquid N2, and then homogenized.
2.3. Measurements in potato samples
2.3.1. Multi-element and Sr-isotope ratio
The analytical protocols developed and applied for multi-element
and stable Sr-isotope ratio measurements (incl. the estimation of asso-
ciated measurement uncertainties) in potatoes have been described
elsewhere (Zampella et al., 2011). Brieﬂy, for each potato sample a
cubic section of the central pulp was produced under ultra-clean condi-
tions, lyophilized and microwave-assisted acid digested (portions of
~0.5 g). The aliquot reserved for Sr isotopic measurements was further
matrix separated by ion chromatography while the remaining fraction
was evaporated to near-dryness and step-wise re-diluted in 2% HNO3
formulti-elementmeasurementswith a quadrupole inductively coupled
plasma mass spectrometer (ICPMS). A multi-collector ICPMS was used
for the Sr isotope ratio measurements.
2.3.2. Secondary metabolites
Freeze-dried powder tubers (400 mg) were placed into a 2 mL
screw cap tube along with 0.9 mL of extraction buffer (50% methanol,
2.5% metaphosphoric acid, 1 mM ethylenediaminetetraacetic acid,
EDTA). Tubes were immersed in an ultrasonic bath cooled with ice
(Grant, Chelmsford, Essex, UK), sonicated for 15 min at a maximum
speed and centrifuged for 7 min at 4 °C (13,000 rpm). The supernatant
Table 1
Sample identity (ID), variety and geographical location of the studied potato samples.
Sample ID* Variety Region Province Site name Latitude N Longitude E
SP-P-A Spunta Apulia Lecce (LE) Alliste-Chianchi 39° 56.254 18° 06.344
SG-P-C Sieglinde Apulia Lecce Alliste-Cisternella 39° 54.655 18° 05.102
EL-P-E Elvira Apulia Foggia (FG) Manfredonia 41° 32.563 15° 53.514
SP-P-F Spunta Apulia Bari (BA) Bitonto 41° 06.641 16° 43.635
SP-P-I Spunta Apulia Bari Mola di Bari 41° 02.051 17° 07.388
AR-S-A Arinda Sicily Siracusa (SR) Contrada Milocca 37° 01.581 15° 15.862
SP-S-B Spunta Sicily Siracusa Agro di Cassibile 36° 58.593 15° 12.270
SP-S-C Spunta Sicily Catania (CT) Acireale 37° 39.885 15° 09.517
AR-S-E Arinda Sicily Catania Riposto 37° 41.306 15° 10.957
SG-S-F Sieglinde Sicily Messina (ME) Torregrotta 38° 12.503 15° 20.465
AR-S-G Arinda Sicily Messina Monteforte S. Giorgio 38° 12.536 15° 20.290
AGR-C-A Agria Campania Napoli (NA) Afragola 40° 55.230 14° 20.370
* ID code: XX-Y-Z, where XX =variety (SP = Spunta; SG = Sieglinde; EL = Elvira; AR = Arinda; AGR = Agria), Y = region (P = Apulia; S = Sicily; C = Campania), and Z =
progressive letter for sample identiﬁcation.
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was transferred to a clean tube. The remaining pellet was re-extracted
with 0.6 mL of extraction buffer and centrifuged (1 min, 13,000 rpm).
The supernatants were combined, centrifuged, and concentrated in a
Speed Vac (Eppendorf, Hamburg, Germany) prior to high-performance
liquid chromatography (HPLC) analysis. Samples were kept chilled at all
times and not exposed to bright light (Shakya and Navarre, 2006).
Tuber extracts were dissolved in 100 μL of ultra-pure water,
centrifuged (2 min, 13,000 rpm) and 20 μL of each solution was
injected for analysis. Triplicate injections were made for each sample.
HPLC with diode-array detection (DAD) analyses were carried out on
an Agilent 1100 series system (Agilent Technologies, Palo Alto, CA,
USA) using a monolithic Onyx column (50×2 mm, C18) at a ﬂow
rate of 0.6 mL/min, and injecting 20 μL of sample. Gradient elution
of 0–1 min 100% buffer A (10 mM formic acid, pH 3.5, with ammonium
hydroxide), 1–6.7 min 0–30% buffer B (100%methanol with 5 mM am-
monium formiate), 6.7–11.7 min 40–70% buffer B, 11.7–14.56 min
70–100% buffer B, 14.56–20 min 100% buffer B. Ultraviolet (UV) detec-
tions were at 210, 280 and 254 nm. Structural identiﬁcation of individ-
ual phenolic acids and amino acid in extracts was performed by
associating the HPLC peaks of each compound with the corresponding
UV and MSn spectra comparison to those of standards when available.
A method of external calibration (six points) was applied. LC–MS/MS
analyses were performed on a quadrupole time-of-ﬂight (Q-TOF) Pre-
mier instrument (Waters, Milford, MA) coupled to a 2690 Alliance
HPLC. Instrument tuning and mass calibration of the spectrometer
were performed using α-solanine ([M+H]+=m/z 868.51) as stan-
dard. Chromatographic separations were conducted using the same
conditions described above. Mass analyses were performed in positive
mode, using a dependent MS/MS function. The following instrumental
parameters were used: source temperature 80 °C, desolvation temper-
ature 180 °C, cone gas ﬂow rate 50 L/h, and desolvation 300 L/h. Cap-
illary voltage was 3 kV, cone voltage 28, extraction cone 5 while
fragmentation voltage was 40 V. The full mass scan ranged between
m/z 250 and 1500 (Ruberto et al., 2007).
Typical uncertainties associated to the 11 secondary metabolites'
data were estimated from RSDs (relative standard deviations)
obtained from triplicates of six tubers. The average RSD was rounded
to the immediate upper half unit andmultiplied by two, obtaining the fol-
lowing relative expanded uncertainties (k=2): 2% (ascorbic acid), 3%
(tyrosine), 8% (caffeoyl spermine), 7% (tryptophan), 4% (3-caffeoyl-
5-O-feruloyl quinic acid, 3-C,5-FQA), 5% (bis-dihydro caffeoyl spermine),
2% (neochlorogenic acid), 2% (chlorogenic acid), 4% (tris(dihydro
caffeoyl) spermidine), 10% (bis(dihydro caffeoyl) spermidine), and
2% (rutin).
2.3.3. DNA ﬁngerprinting
DNA isolationwas performedwith the foodproof®GMOSample Prep-
aration Kit (BIOTECON Diagnostics GmbH, Potsdam, Germany) using
200 mg of each lyophilized tuber sample. Simple Sequence Repeat
(SSR) analyses were carried out with 12 nuclear microsatellite (SSR)
primer pairs. They were chosen from the potato genetic identiﬁcation
(PGI) kit (Ghislain et al., 2004) and selected based on quality criteria, ge-
nome coverage, and locus-speciﬁc information content. Polymerase chain
reactions (PCR) were performed in a 10 μL volume containing 1× reac-
tion buffer with 2.5 mMMgCl2, 0.2 mM of each dNTP (deoxyribonucleo-
tide triphosphate), 25 pM 6-carboxyﬂuorescein (FAM)-labeled forward
SSR primer, 15 pM reverse SSR primer, 1 unit of Taq polymerase, and
40 ng of genomic DNA. PCR was carried out using the following cycling
proﬁles: 4 min at 94 °C; 31 cycles of 45 s at 94 °C, 1 min at annealing
temperature (Ta), and 1 min at 72 °C, with a ﬁnal extension step of
5 min at 72 °C. PCR products were separated on an ABI PRISM® 3100
DNAAnalyzer system. Size calibrationwas performedwith themolecular
weight ladder GenScan™ 500 ROX™ Size Standard. SSR alleles were
detected and scored by using GeneScan® Analysis software as pres-
ent (1) or absent (0). A similarity matrix was calculated by using the
Dice coefﬁcient. The dendrogram was built by applying the UPGMA
(Unweighted Pair GroupMethodwith AritmeticMean)method. Genet-
ic similarity calculations and dendrogram constructionwere carried out
with the NTSYS software.
2.4. Multivariate analysis
Partial least squares discriminant analysis (PLS-DA) was performed
with the SIMCA-P Ver.12 software (Umetrics AB, Umeå, Sweden). Prin-
cipal Component Analysis (PCA)was used only as an exploratory tool, at
the earliest stage of our investigations. PLS-DA was then applied, to
maximize the separation among classes, for the production of the pro-
jection models discussed in this paper. Prior to these calculations, the
datasets were ﬁrst unit variance scaled and mean-centered (Eriksson
et al., 2001). In addition, Rb, Sr, Cd and chlorogenic acid concentration
data required log-transformation to normalize the skewed distribu-
tions. Diagnostic tools applied for a numerical evaluation of the recogni-
tion and prediction abilities of a given model were the Variable
Importance in the Projection (VIP), R2X(cum), R2Y(cum) and Q2(cum) pa-
rameters. VIP identiﬁes, at values greater than unity, the most inﬂuen-
tial variables for the model. R2X and R2Y parameters indicate the
“goodness of ﬁt” for “predictors” and “responses” respectively, and the
Q2 parameter indicates the “goodness of prediction”. According to
Eriksson et al. (2001), Q2>0.5 is regarded as good, Q2>0.9 as excellent,
and differences between R2 and Q2 smaller than 0.2–0.3 are considered
as good.
3. Results and discussion
3.1. Secondary metabolites
From a qualitative point of view all extracts showed similar chro-
matographic proﬁle and were rich of different polyphenolic com-
pounds. Two aromatic amino acids, tyrosine (TYR) and tryptophan
(TRP), were identiﬁed in our tubers, with TYR being the most abun-
dant in all cultivars (Table 2). Chlorogenic acid (5-O-caffeoyl quinic
acid, 5-CQA) was the predominant phenolic acid in the analyzed po-
tato cultivars, in accordance with former studies of potato polyphe-
nols (Andre et al., 2007).
An isomer of 5-CQA, neochlorogenic acid (3-O-caffeoyl quinic acid,
3-CQA) was identiﬁed on the basis of previously published UV and
MS mass spectra (Shakya and Navarre, 2006); 3-CQA was present at
15–30% of 5-CQA. A ﬂavonoid, rutin, could be also identiﬁed and
quantiﬁed in our tuber extracts. Quantitative analysis pointed out
that the most abundant metabolites in the analyzed tuber were
5-CQA and ascorbic acid. In particular, SP-P-A and EL-P-E showed
the highest content of 5-CQA (1225 and 822 mg kg−1, respectively)
while all Arinda samples from Sicily had the lowest 5-CQA content.
The sample SP-P-A emerged also for its high content in ascorbic
acid, having 1660 mg kg−1 of this metabolite. The tubers with less
ascorbic acid were identiﬁed as SG-P-C (378 mg kg−1). Results
obtained from the quantitative analysis let us hypothesize the pres-
ence of two groups among the cultivars which are distinguishable
for the amount of ascorbic acid. Indeed, while Arinda, Spunta and
Agria showed a very high relative amount of this metabolite (more
than 35%), Sieglinde and Elvira had all a lower ascorbic acid quantity
(about 25%). The results showed that all analyzed cultivars are appre-
ciable source of ascorbic acid and polyphenols, which are important
for their role in the plants' resistance to diseases, pests and other
stresses. These compounds are also considered to have possible pro-
tective effects on human health (Friedman, 1997; Thomasset et al.,
2007; Walters, 2003).
3.2. DNA ﬁngerprinting
DNAmarkers are ubiquitous to most of the living organisms, unaf-
fected by environment, and are free of epistatic interactions and
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pleiotroic effects. For these reasons they can be analyzed objectively,
providing an excellent tool for cultivar identiﬁcation (Kalia et al.,
2011). In this study we were able to detect a total of 36 alleles analyz-
ing 8 microsatellite loci. Only 4 alleles were present in all varieties,
while the other 32 showed a varying degree of polymorphism. The
presence of private alleles was highlighted in each genotype and
allowed unequivocally variety identiﬁcation (Table 3). In particular,
four SSR alleles (132 bp, 137 bp, 141 bp, and 253 bp) appeared only
in Sieglinde, whereas two alleles were speciﬁc for Arinda (125 bp
and 174 bp) and Elvira (250 bp and 292 bp). The 190 bp (STI0012),
and 116 bp (STI0032) alleles were detected only in Spunta and
Agria, respectively. Overall, the number of detected alleles per geno-
type varied from 16 (Elvira) to 22 (Agria) (Table 3) revealing a differ-
ent degree of heterozygosity for each genotype. To obtain an estimate
of the degree of differentiation among the groups, the genetic similar-
ities among the ﬁve genotypes analyzed were calculated (data not
shown). Pairwise similarity showed Sieglinde and Arinda to be the
least similar varieties (0.44) and Spunta and Agria the most similar
(0.76). To better appreciate the relationships among varieties, a
UPGMA dendrogram was built using the similarity coefﬁcients
(Fig. 1). Two main groups were distinguished. The ﬁrst main group
(Cluster I) was comprised of Elvira, Arinda, Spunta and Agria, furtherly
divided in two subgroups; Sieglinde formed the second main group
(Cluster II). This molecular analysis conﬁrmed that SSR ﬁngerprinting
is one of themost efﬁcientmethods that can clearly distinguish individ-
uals based on differences in DNA electropherograms. One additional ad-
vantage of SSR markers is that the small dimension of their target
sequences may allow the ampliﬁcation also when DNA is degraded,
e.g. DNA extracted from food (Pasqualone et al., 2010).
3.3. Discrimination of potato samples according to region
The elemental concentrations selected during our investigations
on the early potatoes were [Mn], [Cu], [Zn], [Rb], [Sr] and [Cd]. In a
previous work, we showed how the relationships that exist between
the elemental concentration and Sr isotopic signature markers in po-
tatoes and the geopedological properties of the cultivation areas
could be used for authentication purposes (Zampella et al., 2011). It
was found possible to “assign 26 potatoes (including 2 already com-
mercialized samples) to their respective 8 sites of productions”. The
other 12 samples from 4 sites of production with similar characteris-
tics in terms of geological substrate and soil properties were grouped
together, underlying the need of more discriminative parameters to
allow the differentiation between sites.
In this study, secondary metabolite data, alone and in combination
with elemental concentration and Sr isotopic signature results de-
scribed previously (Zampella et al., 2011), were tested as descriptor
variables for the discrimination of early potatoes by PLS-DA according
to the region of provenance.
PLS-DA was ﬁrst applied to all 11 secondary metabolites as de-
scriptor variables, and the model was then progressively reﬁned to
obtain the best recognition and prediction abilities according to the
region where the potatoes were cultivated. Eventually, the optimum
model for the discrimination of potatoes grown in the three regions
was based on seven metabolites (caffeoyl spermina, 3-C,5-FQA, bis-
dihydrocaffeoyil spermina, 3-CQA, 5-CQA, tris(dihydro caffeoyl)
spermidine, rutin) and had ﬁve PCs (Fig. 2a, Table 4). Apulia and Sic-
ily were rather well sorted according to PC 1, whereas PC 2 essential-
ly separated Campania from the other regions (Fig. 2a). The most
important role for the discrimination between potatoes from Apulia,
Sicily and Campania was played by tris(dihydro caffeoyl) spermidine,
3-CQA and 5-CQA. Potatoes grown in Campania were characterized by
higher amounts of tris(dihydro caffeoyl) spermidine and potatoes culti-
vated in Apulia by rather higher amounts of 3-CQA and 5-CQA than po-
tatoes cultivated in the other studied regions. The combination of
secondary metabolites with elemental concentrations and Sr isotope
ratio data further improved the discrimination of potatoes according
to the region of cultivation (Fig. 2b, Table 4). The PLS-DAmodel obtained
from all data (18 descriptor variables: 11 secondary metabolites, 6 ele-
ment concentrations and Sr isotope ratio) had six principal components.
The PLS-DA score-plot (PC 1 vs. PC 2) showed clear and well separated
clusters according to the region of provenance of potatoes (Fig. 2b). As in-
dicated by theQ2 parameter (Table 4), the prediction ability of thismodel
was good and higher than the one obtained with only secondary metab-
olites. The most relevant variables (indicated by the distribution of VIP
parameters) for discrimination according to the region of origin were,
in decreasing order, tris(dihydro caffeoyl) spermidine, 5-CQA, [Sr],
3-C,5-FQA, rutin, [Mn] and [Rb]. Potatoes from Campania were charac-
terized by higher amounts of tris(dihydro caffeoyl) spermidine, rather
higher amounts of Rb and quite lower amounts of Mn than potatoes
from the other two regions. Potatoes from Apulia showed rather higher
amounts of 5-CQA, 3-C,5-FQA and 3-CQA than potatoes from the other
two regions. Potatoes from Sicily had rather higher amounts of Sr and
quite lower amounts of rutin than potatoes from the other two regions.
It is well accepted that the elemental composition of plants is the reﬂec-
tion of the bio-available nutrients present in the underlying soils from
which theywere cultivated and, thus, that itmay provide uniquemarkers
of the geographical origin (Kelly et al., 2005). Concerning the secondary
metabolites, although the role of polyamines in tubers is still unclear,
some authors reported that they may be implicated in environmental
stress resistance (Walters, 2003). Tuber metabolite content may be
inﬂuenced by agronomic practices. 5-CQA and ascorbic acid synthesis,
for example, has been reported to increase with increasing levels of
nitrogen fertilizer (Rosenthal and Jansky, 2008). In addition, an inverse
relationship has been reported between soil potassium levels and
chlorogenic acid levels in potato tubers (Mondy et al., 1967). Other factors
may be important in determining metabolite content. Hajslova et al.
(2005) demonstrated that geographical variations as well as variety
are equally or more important variants determining the secondary
Table 3
Detected SSR alleles (bp) obtained using eight microsatellite markers on ﬁve potato varieties. In bold the private alleles scored for each locus and cultivar.
Variety Alleles (bp) per SSR locus
STI0032 STM1053 STM5127 STM5114 STG0001 STI0012 STM1052 STM1106 Total alleles per variety
Elvira 107, 110, 172 241, 250 292, 298 120, 135, 139 168, 171, 184 210, 228 157 16
Sieglinde 107 172 241, 253, 271, 274 286, 289, 298 127, 132, 143 168, 171, 184 210, 228 137, 141 19
Spunta 110, 119, 122 122, 169 241, 244, 274 289, 298 127, 135, 143 165, 184, 190 210, 219, 228 157 20
Arinda 107, 119, 122 172 241, 244 286, 289, 298 120, 125, 135 168, 174 210, 219 157 17
Agria 107, 116, 119, 122 169, 172 241, 244 286, 289, 298 127, 139, 143 165, 168, 171, 184 210, 219, 228 157 22
Total alleles
per locus
5 3 6 4 7 6 3 3
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metabolite content of potato tubers than the farming system. Our
results suggested that 5-CQA content was lower in soils with acid
pH value. In addition, the higher quantity of 3-C,5-FQA, bis(dihydro
caffeoyl) spermidine, and TYR content in Sieglinde tubers compared
to the other cultivars conﬁrmed the genetic differences resulting from
molecular analysis with SSR markers (Fig. 1).
The combination of data from markers strictly related to the
geopedological properties of the cultivation sites (elemental concen-
tration and Sr isotopic signature) and from markers more generally
related to environmental conditions, including climate and agricul-
tural practices (secondary metabolites), allowed us to well discrimi-
nate all the potatoes according to the respective regions considered
(Apulia, Campania, Sicily). The discrimination and prediction abili-
ties are satisfactory although reasons explaining how these markers
relate to each other remain to be clariﬁed. This approach is different
than the previous one (Zampella et al., 2011), where discrimination was
based on relationships between geopedological markers in the plant
and some selected properties of the associated soils. It had allowed a
good recognition rate down to production site levels, irrespective of the
regions concerned. With these two studies we thus have established
complementary ways of working toward the authentication of origin of
vegetables grown in a relatively small size region with little differences
in terms of climatic and meteorological characteristics.
3.4. Validation of the statistical models
The appropriate number of principal components in PLS-DAmodels
was determined by cross-validation (Eriksson et al., 2001). Response
permutation tests (Eriksson et al., 2001; Van Der Voet, 1994) (20 per-
mutations) indicated that the estimated predictive power of all
PLS-DA models was signiﬁcant. External validation of both PLS-DA
models discussed previously (on data from 7 metabolites and from all
18 variables) was successful. It was run by computing predictions for
an independent set of data (from 7 samples taken at random in each of
the 7 provinces) not considered for the model calibration. Two new
models sorted by region were generated with the dataset from the
remaining 27 samples (values in italics in Table 4). Therewas a slight deg-
radation of R2X(cum), R2Y(cum) and Q2(cum) values (particularly for the
model based on data from 18 variables) although they remained higher
than 0.5, indicating goodness of ﬁt and prediction. Besides, both new
modelswere able to assign all samples of the independent set of observa-
tions to the right region. The test we run on the robustness of our PLS-DA
models to the uncertainty of measurement results was successful too.
PLS-DA-based models assume exactness of the input data, while uncer-
tainties associated to these data are not necessarily negligible. Following
the approach described recently elsewhere (Goitom Asfaha et al., 2011),
we added to all original data the product of their expanded uncertainty
(k=2) by a randomly generated number ranging from −1 to +1. A
new series of PLS-DA models was produced from this simulated dataset
and the results (values between brackets in Table 4) were compared
with those obtained from the original dataset and discussed above. We
Table 4
Main parameters estimated for the PLS-DA models used for the discrimination of pota-
to samples according to the region of provenance (n(training set) is the number of sam-
ples in the training set; PCs = number of principal components; SMs = secondary
metabolites; E = elemental concentrations; and SrIR = Sr isotope ratio). The parame-
ters of models testing the robustness to measurement uncertainties are in brackets; the
parameters of models used for the external prediction test are in italics.
7 Description variables
(7 SMs)
18 description variables
(11 SMs+6 E+SrIR)
n(training set) 34 (34) 27 34 (34) 27
PCs 5 (5) 4 6 (6) 3
R2X(cum) 0.95 (0.94) 0.94 0.80 (0.81) 0.52
R2Y(cum) 0.79 (0.78) 0.74 0.91 (0.90) 0.74
Q2(cum) 0.66 (0.59) 0.51 0.73 (0.74) 0.56
R2Y(cum)−Q2(cum) 0.13 (0.19) 0.23 0.18 (0.16) 0.18
-2
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2
-4 -3 -2 -1 0 1 2 3 4
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 2
PC 1
-4
-3
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Fig. 2. PLS-DA (partial least squares discriminant analysis) score plots for (a) 7 secondary
metabolites as variables: (caffeoyl spermina, 3-C,5-FQA, bisdihydrocaffeoyil spermina,
3-CQA, 5-CQA, tris(dihydro caffeoyl) spermidine, rutin); (b) 18 variables (11 secondary me-
tabolites+6 element concentrations+Sr isotope ratio) of 34 potato samples. Samples were
sorted according to region of provenance.
Fig. 1. UPGMA phenogram showing the relationship among varieties estimated through
SSR markers.
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observed that the models were globally robust to the ﬂuctuations im-
posed to data. The decreases of R2X(cum), R2Y(cum) and Q2(cum) values
were at maximum of 0.01, 0.01 and 0.07 respectively. All R2X(cum),
R2Y(cum) and Q2(cum) values remained higher than 0.5, indicating good-
ness of ﬁt and prediction. An external prediction test was also applied
on this simulated dataset, after taking out 7 samples as described previ-
ously. For bothmodels all samples of the independent set of observations
could be assigned to the right region (in the case of themodel based on 7
metabolites the sample from Afragola was assigned to both Campania–
correct- and Apulia–wrong-regions). These simulations are a useful indi-
cator of the potential sensitivity of these multivariate models to the qual-
ity of the experimental input data and may provide an indication of the
maximum uncertainty tolerable for the models proposed.
4. Conclusions
The combination of secondary metabolites, element concentra-
tions and Sr isotope ratio allowed us to discriminate 34 early potatoes
(including 2 already commercialized samples) according to their re-
spective regions of origin, while DNA ﬁngerprints allowed us to iden-
tify the cultivars. The prediction abilities of the PLS-DAmodels for the
region of origin of potatoes were excellent, despite the relatively
small size and the little differences in terms of climatic and meteoro-
logical characteristics. These results highlighted the importance of sec-
ondary metabolites not only from a health standpoint, but also in terms
of possible indicators of geographical provenance of potato tubers. Their
use improved the discrimination power of trace elements and Sr isoto-
pic signature reported by other Authors to characterize potatoes from
Italy (Di Giacomo et al., 2007; Zampella et al., 2011) and USA
(Anderson et al., 1999). The validity of the multidisciplinary approach
used in this research deserves future research involving a larger sample
size and different years of production.
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